This paper is focused on magnetic-LC (MLC) resonators, namely, slotted resonators that can be considered the complementary counterparts of the so-called electric-LC (ELC) resonators. Both resonators exhibit two symmetry planes (i.e., they are bisymmetric), one of them being an electric wall and the other a magnetic wall at the fundamental resonance. Therefore, compared to other electrically small resonators such as folded stepped impedance resonators (SIRs), split ring resonators (SRRs), and their complementary counterparts, MLC and ELC resonators exhibit a very rich phenomenology. In this paper, single-ended microstrip lines and differential microstrip lines loaded with MLC resonators are studied, and potential applications are highlighted.
Introduction
Split-ring resonators (SRRs) [1, 2] and their complementary counterparts (CSRRs) [3] (Figure 1 ) have been extensively used for the implementation of metamaterials and many devices based on them [4] . SRRs can be excited by means of a uniform axial ( direction) time-varying magnetic field and/or by an electric field applied in the plane of the particle ( direction); that is, the particle exhibits bianisotropy [5] . The distribution of charges at the fundamental resonance (see Figure 1 (a)) reveals that the symmetry plane of the SRR is an electric wall at that frequency. From duality considerations, it follows that the CSRR can be excited through an axial electric field and/or a magnetic field applied in the direction, whose symmetry plane behaves as a virtual magnetic wall at the fundamental resonance [6] . Capacitively loaded (C loaded) loops and folded stepped impedance resonators (SIRs), and their complementary counterparts (Figure 2 ), exhibit a similar phenomenology when they are illuminated with properly polarized radiation to drive the particles.
As long as SRRs, C-loaded loops, folded SIRs, and their dual particles are electrically small, they can be used for the implementation of effective media metamaterials. Specifically, SRRs, C-loaded loops, and folded SIRs are useful for the implementation of negative permeability media following the Lorentz model [1, 7] , whereas CSRRs, complementary C-loaded loops, and complementary SIRs can be used as building blocks for the implementation of negative permittivity artificial media [3, 8] . However, resonant-type negative permittivity media can also be achieved by means of metallic particles, as it was pointed out by Schurig and co workers [9] . The particle reported in [9] and depicted in Figure 3 was called electric-LC (ELC) resonator. It was argued that such particle cannot be excited by means of a uniform axial magnetic field since the currents in both loops are opposite at the fundamental resonance; namely, the instantaneous current is clockwise in one of the loops and counterclockwise in the other one. This means that, at the fundamental resonance, the ELC does not exhibit a net magnetic dipole moment in the axial direction, and for such reason it cannot be driven by means of a uniform axial time-varying magnetic field. However, an electric dipole moment appears in the orthogonal direction to the electric wall (indicated in Figure 3 ), which means that the ELC can be excited through a uniform timevarying electric field applied to that direction. This is the reason that explains the terminology used to designate this particle, which prevents bianisotropy. Notice also that there is another symmetry plane in the particle that acts as a magnetic . A sketch of the currents and the distribution of charges for the SRR at the fundamental resonance is also indicated (notice that the symmetry plane is an electric wall). From Babinet's principle, it follows that the CSRR exhibits a magnetic wall at the symmetry plane. wall at the fundamental resonance by virtue of the symmetry in the currents and charges with regard to that plane. The previous electrically small resonators, including the ELC, can also be used as loading resonant elements in planar transmission lines, where the fields are no longer uniform. In particular, for the ELC, if the driving fields are not uniform, it is also possible to magnetically drive the particle. This can be achieved, for instance, by forcing opposite magnetic flux lines in the loops of the ELC. According to this, the ELC can be a very interesting and useful particle as a loading element in planar transmission lines. However, the main focus in this paper is the study of the dual particle of the ELC, that is, the magnetic-LC (MLC) resonator. This is a slot resonator that can be etched in the ground plane of a single-ended microstrip or a differential microstrip line. The analysis of this particle as well as the potential applications in microstrip configuration, is the main objective of the present work.
Magnetic-LC (MLC) Resonators
A typical topology of a square-shaped MLC resonator is depicted in Figure 4 (a). It is the negative image of the ELC. Hence, by applying the Babinet's principle, it follows that the MLC can be excited by means of a time-varying magnetic field applied in the plane of the particle ( direction), but not by a uniform electric field normal to the particle plane (which is the usual driving mechanism in CSRRs [3] and in the complementary structures of Figure 2) .
Like the ELC, the MLC exhibits two symmetry planes, one being a magnetic wall and the other an electric wall at the fundamental resonance. However, notice that the magnetic and electric walls are rotated 90 ∘ compared to those of the ELC. If the aspect ratio of the slot widths 1 / 2 is high enough, a quasistatic approximation can be made, and the particle can be described by means of a lumped elementequivalent circuit model, depicted in Figure 4 (b). The inductance accounts for the inductive path connecting the two inner metallic regions of the particle. This inductance is parallel connected to the capacitances designated as that model the slots present between both inner halves of the MLC. Finally, the edge capacitance of the external squareshaped slot ring is called , and it can be divided into the capacitances of the two MLC halves, as depicted in Fig Compared to the other complementary structures shown in Figures 1 and 2 , which exhibit a magnetic wall at its unique symmetry plane, the MLC exhibits not only a magnetic wall, but also an electric wall, and this additional wall can be useful in certain applications, as it is discussed in the next sections.
Single-Ended Microstrip and Differential Microstrip Lines Loaded with MLCs
The unusual electric wall that the MLC exhibits at resonance (in comparison to other slotted resonators) opens new research lines. Let us now consider the MLC loading both single-ended microstrip and differential microstrip transmission lines by assuming that the electric wall of the MLC is aligned with the symmetry plane of the lines.
Differential Microstrip Lines Loaded with MLCs. Figure 5(a) depicts a differential microstrip line loaded with an
MLC with the electric wall aligned with the symmetry plane of the line. For the common mode, the symmetry plane of the line is a magnetic wall. Therefore, MLC excitation is not expected for this mode. Conversely, for the differential mode, there is an electric wall at the symmetry plane, and the MLC can be driven. The vertical components of the electric field generated by each individual line under differential mode operation are contra directional (i.e., upwards in one line and downwards in the other line of the pair). Therefore, as long as each inner half of the MLC is below each line of the differential pair, the particle can be excited by the non uniform electric field generated under differential mode excitation. This behavior has been verified through the electromagnetic simulation of the structure depicted in Figure 5 (a) by means of the Agilent Momentum commercial software for both the common and the differential mode (see Figure 5(b) ). As expected, the differential line is roughly transparent for the common mode, but it exhibits a notch in the transmission coefficient for the differential mode.
The circuit model of the structure of Figure 5 (a) is depicted in Figure 6 , where the equivalent circuits for the odd (or differential) and even (or common) modes are also included. The model includes the elements describing the MLC, plus the line inductance and capacitance . Actually, the former is the line inductance with the presence of the MLC and the later accounts for the electric coupling between the line and the MLC. As it can be appreciated, for the common mode there is no transmission zero even though the shunt capacitance is modified. On the contrary, for the differential mode, the resulting model is the same as that for a CSRR-loaded microstrip line which exhibits a transmission notch [10] . In order to validate the model for the differential mode, we have considered the structure depicted in Figure 7(a) which is electrically smaller at resonance than that in Figure 5 (a) mainly by virtue of the higher aspect ratio 1 / 2 (by enlarging the capacitor length 1 also achieves an electrical size reduction). Under these conditions, it is expected that the model is valid in a wider frequency range. We have performed the full-wave electromagnetic simulation of the structure for the differential mode, and we have extracted the elements of that model by means of a procedure reported elsewhere [10] . Qualitatively, that technique is based on measurable characteristics of the transmission and reflection coefficients provided by the electromagnetic simulation. Briefly, the lumped elements are obtained by means of the following conditions: (i) the transmission zero frequency corresponds to the frequency that the shunt impedance nulls, (ii) the frequency for which the shunt admittance vanishes is the resonant frequency of the parallel tank, (iii) the frequency whose phase of the transmission coefficient is /2 is where the series and the shunt impedances are conjugate, and (iv) the intersection between the reflection coefficient and the unit normalized resistance circle gives the series impedance. The electromagnetic simulation and the circuit simulation of the equivalent circuit model using the extracted parameters are depicted in Figure 7 (b). As can be seen the agreement is good, hence validating the proposed model of the MLC-loaded differential microstrip line.
Single-Ended Microstrip Lines Loaded with MLCs.
Let us now consider the MLC loading a single-ended microstrip transmission line, as depicted in Figure 8 . Since the symmetry plane is a magnetic wall, the MLC cannot be excited. The proposed circuit model is depicted in Figure 9 (a), which is similar to that reported in [11] for folded SIR-loaded coplanar waveguides. After applying the magnetic wall concept, this circuit model can be simplified as Figure 9 (b) illustrates; that is, it is a transmission line model with modified shunt capacitance. However, a notch in the transmission coefficient is not expected according to this model. The interest in these single-ended microstrip transmission lines loaded with MLCs may be the truncation of symmetry, for instance, by means of a lateral displacement of the particle. In this case, the symmetry planes are no longer aligned, and the particle can be excited by the electric field generated by the line. The effect of this symmetry truncation by laterally shifting the MLC can be taken into account in the model of Figure 9 (a) by simply considering the coupling capacitances (i.e., 1 and 2 ) as variable capacitances. From the circuit model viewpoint, these asymmetric values of the coupling capacitances allow current flowing through the MLC inductance and capacitance, and hence the particle is electrically driven by the line. As reported in [11] , such kind of circuit can be useful for the implementation of displacement sensors or radio frequency (RF) barcodes.
We have simulated the structure of Figure 8 by considering two different lateral displacements (0.5 and 2 mm) of the MLC. The results are depicted in Figure 10 . In order to extract the lumped element values of its circuit model, as a starting point we consider the values given in the caption of Figure 7 since the same dimensions and substrate are considered. Afterwards, we have adjusted the variable coupling capacitances by curve fitting the electromagnetic simulation, which depend on the amount of displacement. The other elements of the circuit left nearly unaltered (a slight optimization may be required), except for the line inductance which is also modified by the position of the slotted resonator. The circuit simulations, also depicted in Figure 10 , are in good agreement with the electromagnetic simulations. Therefore, the proposed model is validated, and it is demonstrated that the lateral shift of the MLC can be basically taken into account by modifying the coupling capacitances and the line inductance.
Potential Applications
Etched in the ground plane of differential microstrip lines, MLC resonators can be used for the implementation of balanced notch filters and stop-band filters. This functionality is clear to the light of the results depicted in Figure 7 , where a notch for the differential mode appears in the vicinity of the fundamental resonance of the MLC. The rejection band can be widened by etching further MLC resonators with slightly different resonance frequency (as reported in [12] for the design of SRR-based CPW stopband filters) or with identical resonance frequency but separated by a small distance in order to enhance interresonator's coupling (as discussed in [13] in reference to common mode suppression in differential lines by means of CSRRs). With regard to microstrip lines loaded with MLCs, we can take benefit of the effects of a lateral shift (or another means of symmetry truncation) in the transmission coefficient. Namely, the line is transparent if the electric wall of the MLC is perfectly aligned with the symmetry plane of the line. However, a notch appears when the MLC is shifted in the transverse direction, and the bandwidth and magnitude of the notch increase with the displacement (see Figure 10) . Similarly, a notch is expected if the MLC is not displaced, but it is nonsymmetrically loaded with a certain dielectric load. Thus, the structure can be used for sensing purposes [14] [15] [16] [17] . Furthermore, microstrip lines loaded with multiple MLCs can be used as RF bar codes, where each bit is associated to a certain resonator (and its resonance frequency), and the logic states "1" or "0" are simply set by etching the MLCs symmetrically or laterally shifted or by other means of truncating the symmetry (RF bar codes not based on such a symmetry approach were reported in [18] ). As an example, Figure 11 (a) shows a photograph of a 3-bit bar code with the central MLC aligned with the line and the external ones laterally displaced (corresponding to the code "101"). The frequency response is depicted in Figure 11 (b) and exhibits a transmission zero at the frequencies of the external resonators, in coherence with the considered codification. The resonators were designed to achieve relatively narrow notches, thus diminishing interference between adjacent notches (this is a key issue to bits embedding and the related spectral band efficiency). Even though the notch level (intimately related to the bandwidth) is not very deep, this is not a critical drawback in binary bar codes. It is also interesting to mention that compared to CPW-based RF-bar codes, implemented by means of folded SIRs or SRRs (they also exhibit an electric wall at their symmetry plane) [11] , the proposed bar code is more simple since no parasitic modes International Journal of Antennas and Propagation . For completeness, the measurement for the code "010" is also shown. The substrate is Rogers RO3010 with thickness ℎ = 1.27 mm, dielectric constant = 11.2, and loss tangent tan = 0.0023. The line width is designed to minimize the insertion loss with the presence of the MLCs symmetrically etched, that is, = 3.13 mm. The MLC dimensions are 1 = 5.2 mm, 2 = = 0.2 mm, 1 = 1.9 mm, 2 (2.6 GHz) = 6.32 mm, 2 (2.8 GHz) = 6 mm, 2 (3 GHz) = 5.72 mm, and 3 = 6 mm. The distance between adjacent resonators is set to that for which interresonator coupling can be neglected, that is, 3 mm. The lateral displacement to set the logic state "1" is 1 mm.
are generated by displacing the MLCs (in contrast, air bridges were necessary in the CPW bar codes reported in [11] ). Alternatively, codification can be achieved by symmetrically etching the MLCs and truncating symmetry in the required resonator by adding adhesives with metallic or dielectric loads.
Conclusions
In conclusion, it has been shown that the MLC is a slot resonator that exhibits two symmetry planes, one being a magnetic wall and the other one an electric wall at the fundamental resonance. Given that other related slot resonators do not exhibit any electric wall, this paper focuses on such wall, which brings a wider variety of applications. If the driving fields of the particle are uniform, the MLC cannot be excited by an electric field orthogonal to the particle plane, but by means of a magnetic field in the plane of the particle. However, it has been shown that, in single-ended microstrip lines and differential microstrip lines, where the fields are no longer uniform, the MLC can be electrically excited. Equivalent circuit models of both differential and single-ended microstrip lines loaded with MLCs with the electric wall aligned with the symmetry plane of the lines have been reported and validated. Finally, some applications have been highlighted, including balanced notch filters, as well as sensors and bar codes based on the truncation of symmetry.
